Question: Vascular plant productivity of arctic tundra has often been viewed as varying little between years and thus being largely insensitive to the high inter-annual variation in summer weather conditions. Yet, remote-sensing data and retrospective growth analyses of the circumpolar dwarf shrub, Cassiope tetragona, commonly show considerable between-year variability in plant growth in response to variation in summer temperature. Given that both Cassiope growth and vascular plant biomass production share a common environmental driver, summer temperature, we would expect positive co-variation between them. Here we investigate whether this is indeed the case and if so over what spatial scale.
| INTRODUC TI ON
The arctic climate is warming at an unprecedented rate, but with considerable heterogeneity in rates of warming among and within regions (IPCC, 2014) . In general, the long-term positive summer temperature trend has affected plant productivity and vegetation composition, leading to a greening of the Arctic (Guay et al., 2014; Ims & Ehrich, 2013; Jia, Epstein, & Walker, 2009 ) and circumpolar increases in both tundra shrub cover (Myers-Smith, Elmendorf et al., 2015; Myers-Smith et al., 2011; Weijers, Buchwal, Blok, Loeffler, & Elberling, 2017) and above-ground plant biomass (Epstein et al., 2012; Hudson & Henry, 2009 ). In contrast, extreme climatic events and winter warming may cause vegetation dieback and 'arctic browning' in some regions (Phoenix & Bjerke, 2016) .
Against the backdrop of long-term warming, there is considerable annual variability in the weather, yet until recently it was thought that there was little inter-annual variation in aboveground tundra plant biomass production (Chapin & Shaver, 1985; Henry, Svoboda, & Freedman, 1990; Hill & Henry, 2011) . Plant productivity was believed to be poorly related to weather conditions in the same year (Chapin & Shaver, 1985) , responding instead to time-lagged below-ground resources and nutrient availability (Chapin & Shaver, 1989) , which in turn are affected by direct and indirect effects of warming and feedbacks (Elmendorf, Henry, Hollister, Björk, Bjorkman et al., 2012; Myers-Smith et al., 2011) . This view has been challenged by mounting evidence from both plot-based field studies and remote-sensing data, revealing that arctic plant communities do show high between-year variability in productivity (Boelman et al., 2003; Elmendorf, Henry, Hollister, Björk, Boulanger-Lapointe et al., 2012; Gauthier et al., 2011; Karlsen, Elvebakk, Høgda, & Grydeland, 2014; Vickers et al., 2016) . Indeed, peak above-ground live vascular plant biomass in high arctic Svalbard showed high variability between years, which was closely related to July temperature across habitats, plant functional types and species (Van der Wal & Stien, 2014) .
NDVI-derived estimates of plant productivity in central Svalbard also showed considerable inter-annual variation, but the temporal pattern of variation differed between valleys (Karlsen, Anderson, Van der Wal, & Hansen, 2018) . Elsewhere, annual growth of several shrub species has been found to co-vary with satellite-derived estimates of growing season NDVI at a number of tundra sites (see e.g.: Blok et al., 2011; Forbes, Macias-Fauria, & Zetterberg, 2010; Macias-Fauria, Forbes, Zetterberg, & Kumpula, 2012; Weijers, Pape, Loeffler, & Myers-Smith, 2018) . Substantial fine-scale spatial heterogeneity in arctic plant productivity, even within habitats ( Van der Wal & Stien, 2014) , has hampered earlier studies of the relationship between plant biomass production and climatic variables. However, retrospective growth analysis of arctic shrubs using dendroecology, the dating of annual growth rings or morphological characteristics of plant stems , allows plant growth over many years to be measured from individual plants (Johnstone & Henry, 1997; Rayback & Henry, 2005; Schweingruber et al., 2013; Woodcock & Bradley, 1994) , so eliminating the problem of confounding between temporal and spatial variation.
The evergreen polar dwarf shrub Cassiope tetragona (D.Don), Arctic bell-heather, (hereafter referred to as Cassiope) shows wellestablished wave-like patterns of seasonal growth, reflected in leaf lengths and distances between adjacent leaf nodes or their scars (Callaghan, Carlsson, & Tyler, 1989; Johnstone & Henry, 1997; Rayback & Henry, 2006; Weijers et al., 2012) . These seasonal patterns allow annual growth increments of stems to be identified, with the shortest internode length of each wave corresponding with the end of each growing season (Johnstone & Henry, 1997) .
Correlative and experimental studies have shown that leaf and shoot growth of Cassiope vary considerably between years and respond positively to increasing summer temperatures (Callaghan et al., 1989; Havström, Callaghan, & Jonasson, 1993; Rozema et al., 2009; Weijers, Broekman, & Rozema, 2010) , although extreme winter weather events may also influence summer growth (Milner, Varpe, van der Wal, & Hansen, 2016; Weijers et al., 2012) . Cassiope growth chronologies also reflect summer NDVI values (Weijers et al., 2018) .
Nonetheless, the spatial variability in patterns of annual Cassiope growth is not well studied (but see Callaghan et al., 1989; Rayback, Lini, & Henry, 2011) , although it is apparent that there is strong spatial variation in plant responses to climate, possibly due to variable climate sensitivity or regional differences in climatic factors such as snow depth or moisture availability Rayback et al., 2011) . Moreover, it remains untested whether retrospective growth analyses of Cassiope can be used as a predictor of year-to-year variation in above-ground vascular plant productivity of arctic tundra vegetation measured in the field.
In this study, we aim to improve our understanding of the annual variation in above-ground vascular plant biomass production in the high Arctic by bringing together biomass estimation and retrospective analysis of annual Cassiope growth for a site in central Svalbard. Given that both vascular plant biomass production and Cassiope growth share a common environmental driver, summer temperature, we would expect positive co-variation between them. However, the influence of spatial scale is unknown and, as inter-annual variation in estimated plant productivity can differ considerably between valley systems (Karlsen et al., 2018) , we may also expect differences in Cassiope chronologies between valleys. The specific goals of our study were to: (a) investigate spatial co-variation in annual Cassiope growth; (b) investigate the relationship between inter-annual variability of live above-ground vascular plant biomass and growth of Cassiope; and (c) consider Cassiope growth as a proxy for tundra vascular plant productivity.
| ME THODS

| Study area
The study was carried out in Nordenskiöldland, Spitsbergen, in cen- 
| Retrospective analysis of Cassiope tetragona growth
Cassiope is a long-lived ericaceous dwarf shrub with a circumpolar distribution. It is one of the dominant species of the arctic tundra and is not grazed by vertebrate herbivores. It occurs on dry heaths and fell-fields, particularly in sheltered snow beds with moderate to high accumulations and late-lying snow (Callaghan et al., 1989; Johnstone & Henry, 1997) . Using samples collected from across the study area, we determined annual growth of Cassiope dating back to Table 1 , Appendix S1). In our study area, the Cassiope zone tended to be narrow and fragmented, with relatively small patches of this species growing together with the creeping dwarf shrub Salix polaris Dominant Cassiope stems were cut at ground level and air-dried.
We then removed leaves from main stems with live green tips and examined the stems under a dissecting microscope at ×10 magnification. We used the distance between consecutive internodal minima as our measure of annual growth increment (AGI). We identified leaf scars associated with these internodal minima and then measured the length of stem between consecutive minima to the nearest 0.1 mm precision (Aanes et al., 2002) . We only included stems that could be F I G U R E 1 (a) Topographic map of the Nordenskiöldland study area (box) on high arctic Svalbard (inset) in relation to other places referred to in the text. Points within box indicate the Cassiope tetragona sampling sites in the three main valleys of the study area. Rozema et al., 2009 ).
| Vegetation biomass
We 
| Statistical analysis
Annual Cassiope growth increments from the period 1998-2009
(corresponding to the period over which vegetation biomass data were available) were re-scaled using statistical standardization to account for individual variation in shoot length between plants but
were not de-trended. Standardized increments (sAGI) had a mean of 0 and a SD of 1 for each sampled stem. Average Cassiope sAGI was estimated at two spatial scales, the valley level and site level and correlated these between each pair of valleys from within our study area. We also correlated them with growth chronologies of
Cassiope from a study in Adventdalen (de-trended residual stem growth; Blok et al., 2015) , a valley to the north of our study area, and a study in Endalen (standardized stem growth; Weijers et al., 2010) , a side-valley off Adventdalen (Figure 1 ). We then related the Pearson correlation coefficients to the distance between valleys.
At the smaller between-site within-study area scale, we calculated the correlation between time series of sAGIs for pairs of sites and related the correlation coefficient to the distance between sites in each pair and to aspect and vegetation type (Luzula/Salix heath or sub-ridge heath).
Second, we investigated the temporal co-variation in the annual growth of Cassiope and annual peak above-ground live vascular plant biomass, hereafter referred to as vegetation biomass. Annual average vegetation biomass was estimated across all habitat types, and within the dry ridge habitat only, using LMM as described in Van der Wal and Stien (2014) . We calculated the correlation between the average Cassiope sAGI time series from Semmeldalen sites and the average yearly vegetation biomass in Semmeldalen estimated across all habitats and for dry ridge habitat only. We related the strength of the correlation to distance between sites using data from all 11 Cassiope sites.
Finally, we considered the potential usefulness of Cassiope as a proxy by which arctic vascular plant productivity could be estimated. We created linear regression models of annual average across-habitat vegetation biomass and dry ridge biomass in response to average sAGI, across sites and for the Semmeldalen sites only while accounting for summer and winter weather conditions (mean daily Jun-Aug temperature, mean daily Jul temperature, precipitation falling in Nov-Feb as rain-on-snow and Nov-Apr rain-on-snow) by fitting these terms as co-variates in the model.
| RE SULTS
| Spatial co-variation in Cassiope tetragona growth
The mean annual Cassiope growth increment was 6.7 ± 0.1 mm (range 1.5-17.3 mm). There were highly significant differences in average standardized annual growth increment (sAGI) between years distance increased (F 1,15 = 10.63, p = 0.005; Figure 3b) 
| Temporal co-variation in vegetation biomass and Cassiope growth
There Figure S1b ).
| Cassiope growth as a proxy for vascular plant biomass
Annual growth of Cassiope, estimated across sites, was positively than July temperature, which did not explain any significant additional variation (F 1,9 = 3.06, p = 0.11).
| D ISCUSS I ON
Our study of tundra vegetation in high arctic Svalbard has shown a strong positive correlation between estimates of annual growth of the dwarf shrub Cassiope tetragona and annual peak vascular plant biomass over a 12-year period. Furthermore, we found evidence of spatial co-variation in Cassiope growth between valleys, including the widespread presence of extreme marker years (Weijers et al., 2010) .
However, the strength of co-variation declined as distance between sampling sites increased, likely due to between-valley differences in growing conditions. Possible causes of local summer temperature differences between valleys within the same year include a gradient of oceanic influence and associated cloudiness, spatial differences in snow-pack characteristics with effects on growing season length, and the influence and duration of sea ice cover (Karlsen et al., 2018) .
Our findings support the suggestion that Cassiope and other vascular plants growing in tundra habitats, ranging from dry Salix/Dryas ridge to wet Dupontia/Eriophorum marsh, respond similarly to shared environmental conditions. A similar conclusion was reached by Weijers et al. (2018) for two contrasting shrubs, Cassiope and Salix pulchra, in an alpine tundra site in northwest Canada. In both cases,
Cassiope and other plant species from a range of habitats showed a positive growth response to summer temperature ( Van der Wal & Stien, 2014; Weijers et al., 2018) . This temperature response of Cassiope has been widely reported from both the Norwegian and
Canadian high Arctic (Rayback & Henry, 2006; Weijers et al., 2012 and references therein). The implication of Cassiope being a local proxy for total vascular above-ground biomass is that the large between-year variability observed in Cassiope across the Arctic is likely to reflect a similarly widespread temporal variability in the above-ground biomass of arctic tundra vegetation.
Although not studied here, a range of factors may lead to sub- to be lower than in other habitats. In contrast, Cassiope tends to be avoided by grazers (Havström et al., 1993) , so may represent a better indicator of variability in plant productivity between years.
Topographic complexity creates a mosaic of microclimates, which are especially diverse at high latitudes and are likely to influence shrub growth differently (Armbruster, Rae, & Edwards, 2007) . Both the timing of the spring green-up and estimated plant productivity in Svalbard show high variability between years and at the scale of individual valleys (Karlsen et al., 2014 (Karlsen et al., , 2018 . This is likely to contribute to the spatial decline in co-variation of Cassiope growth observed with increasing distance. At local scales, Van der Wal and Stien (2014) showed substantial fine-scale spatial heterogeneity in peak plant biomass within and between habitats. This was mirrored in our study by high within-and between-site variability in Cassiope growth, likely to be partly due to small-scale heterogeneity in micro-topography and winter snow depth (Armbruster et al., 2007; Opedal, Armbruster, & Graae, 2015) . Indeed, when accounting for aspect, patterns observed at the between-valley level were also revealed at the spatial scale of sites within valleys.
Correlation in Cassiope growth was higher among similar sites, in terms of aspect and vegetation type. This may be due to more similar moisture availability or snow conditions, with variation in snow depth influencing Cassiope stem growth . Callaghan et al., 1989; Johnstone & Henry, 1997; Rayback & Henry, 2005; Rayback et al., 2011; Rozema et al., 2009) . Some studies use this feature for historical reconstruction of past climate (Rayback & Henry, 2006; Weijers et al., 2010 ). Yet, while year-to-year variation in Cassiope is accepted as the norm, this does not hold for vascular plant productivity of tundra vegetation as a whole (Chapin & Shaver, 1985; Henry et al., 1990; Hill & Henry, 2011) . We demonstrate that between-year variation in Cassiope growth was strongly correlated with between-year variation in vascular plant biomass of the tundra vegetation in our study system. As such Cassiope growth may be a useful local proxy for vegetation productivity, although predictive power declines with distance from where Cassiope is sampled.
Given the strength of the relationship between Cassiope growth and vegetation productivity in our study, and the consistently reported between-year variability in Cassiope growth and sensitivity to summer temperature across the Arctic, it may be expected that plant productivity in many parts of the Arctic is equally sensitive to between-year variation in summer conditions. Wider-scale field calibration would help to understand the generality of this result.
The observed declining spatial co-variation in annual Cassiope growth, as well as the waning co-variation between above-ground vascular plant biomass and Cassiope growth, point to local summer weather conditions influencing plant growth. Our key finding that retrospective growth analysis captures local vascular plant productivity suggests that integrating dendroecology with satellite-based measurements could be an efficient approach to studying and understanding spatio-temporal patterns of tundra productivity.
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